When thinking about time, English-speaking adults often spontaneously recruit a "mental timeline" (MTL) representing events sequentially along a linear path from left to right (LR). The origins of the MTL are debated, but cross-cultural differences in the direction and orientation of the timeline suggest that factors such as writing direction play an important role in shaping it. Here, we explore the developmental emergence of the mental timeline by asking whether pre-literate children prefer linear representations of sequential temporal events, and if so, whether they specifically prefer LR representations of temporal narratives. English-speaking adults and 3-to 5-year-old preschoolers were told 3-step stories (e.g., "First there was an egg, then the egg hatched, and a baby chick came out!") and then asked to choose which of two triplets of images best illustrated the story. Results indicate that, given scaffolding, 3-and 4-year-old children preferred LR to unordered horizontal sequences, and 4-year-olds also preferred top-to-bottom (TB) to unordered vertical sequences. However, preferences between directionsfor LR over right-to-left and TB, and for TB over bottom-to-topemerged later, and in tandem, around age 5. Together, these results show that directional biases in space-time mappings are shaped gradually in childhood, and are not initially LR-specific. Moreover, preliminary data suggest that children's preferences for conventional linear representations of time are correlated with their emergent writing skills, suggesting that literacy is key to the development of the MTL.
Introduction
Time and space are deeply interwoven in human experience and culture. For example, diverse societies use spatial artifacts to depict, measure, and track time; languages often use the same words to refer to both time and space (e.g., a long nap and a long rope); and when we read, our progress through a temporal narrative is contingent on our progress along a spatial path on the page. Behavioral and neuroscientific studies suggest that adults have implicit associations between locations in time and positions in space (see Bonato et al., 2012 , for a review). For example, adult English-speakers, and speakers of other languages written from left-to-right (LR), associate leftward space with the past and rightward space with the future (Casasanto & Bottini, 2014; Droit-Volet & Coull, 2015; Ishihara, Keller, Rossetti, & Prinz, 2008; Santiago, Lupáñez, Pérez, & Funes, 2007) . The origin of this "mental timeline" (MTL), and its relationship to cultural practices that link time and space is debated. Systematic cross-cultural differences in the direction of the MTL (e.g., Bergen & Lau, 2012; Fuhrman & Boroditsky, 2010; Ouellet, Santiago, Israeli, & Gabay, 2015; Nachson, 1983; Tversky, Kugelmass, & Winter, 1991) suggest that it is learned, and reflects differences in writing direction. However, others have argued that the LR mental timeline reflects a neurological predisposition that does not hinge on literacy skills (Chatterjee, 2001; Chatterjee, Southwood, & Basilico, 1999; Dehaene et al., 1993; Vicaro et al., 2007) . Although the question of how and when temporal sequences become spatially modeled in the mind is a fundamentally developmental one, research on the emergence of the MTL in children is limited. One recent study indicates that even 3-year-old English-speakers represent temporal sequences from LR (Autry et al., 2019) , suggesting that substantial experience with reading and writing is not required, while others indicate that, unlike older children, preschoolers do not spontaneously produce LR representations of temporal events (Dobel et al., 2017; Tillman et al., 2018) . Here, we further explore the development of space-time mappings in the mind by testing whether preschoolers prefer visual narratives in which the spatial ordering of images matches their temporal ordering, and whether they differ from adults with respect to preferences for particular directions.
Time is multifaceted, and research on spatial representations of time has varied in which facets it has explored (see Winter, Marghetis, & Matlock, 2015 for discussion). For example, several studies have found associations among infants' representations of duration, length, and quantity, leading to the proposal that these magnitude-based mappings may be innate (e.g., de Hevia et al., 2014; Lourenco & Longo, 2010; Srinivasan & Carey, 2010; Walsh, 2003) . In addition, two recent studies have tested whether infants associate increases in duration with locations in space (e.g., left = shorter), finding mixed evidence for this (Chi-Ngai Cheung & Loureno, 2016; de Hevia et al., 2017; 2020) . The present work, however, concerns the development of spatial representations of temporal sequence, i.e., if children mentally organize events along an MTL where position in the line reflects the order in which events transpire. The presence of an early ability to associate magnitudes from across domains does not guarantee that infants have a fullfledged MTL, or that they spontaneously reason about time in terms of space. To our knowledge, there is no infant work addressing this question.
Despite the lack of direct evidence for an MTL as such in infants, researchers have nonetheless suggested that such a structure, if present, must have a horizontal, LR direction by default. This view is bolstered by evidence that other types of LR mappings do not require writing experience, and that both infants and non-human animals associate "few" with the left and "many" with the right side of space (e.g., de Hevia et al., 2014; Di Giorgio et al., 2019; Fugani et al., 2015; ;  but see Hevia et al., 2017 , Chi-Ngai Cheung & Loureno, 2016 for evidence that these associations are not found for non-numerical sequences). Preschoolers, who have limited exposure to LR text and other artifacts, also spontaneously count objects from LR (Göbel, McCrink, Fischer, & Shaki, 2018; Shaki, Fischer, & Göbel, 2012) 1 , demonstrate LR biases in line-bisection tasks (Chokron & De Agostini, 1995) , and expect numbers to be organized from left to right (Opfer, Thompson, & Furthong, 2010) . While these studies to do test temporal cognition, if such phenomena are a result of an evolutionarily-ancient hemispheric asymmetry in the brain or a general attentional bias, this LR neural bias this might also result in an LR MTL (Chatterjee, 2001; Chatterjee, Southwood, & Basilico, 1999; Dehaene et al., 1993; Vicaro et al., 2007) .
It is also possible that directional mappings between time-denoting items (e.g., temporal terms, tensed verbs) and events (e.g., photos of younger vs. older people, meal times, stages in temporal narratives) and spatial positions are a product of cultural learning. Consistent with this, cross-cultural comparisons of adult populations have revealed reliable differences in the orientation and direction of space-time associations (e.g., Bergen & Lau, 2012; Fuhrman & Boroditsky, 2010; Ouellet, Santiago, Israeli, & Gabay, 2015; Nachson, 1983) . While the LR MTL is robust in speakers of English and many other languages written using an LR orthography (Casasanto & Bottini, 2014; Droit-Volet & Coull, 2015; Ishihara, Keller, Rossetti, & Prinz, 2008; Santiago, Lupáñez, Pérez, & Funes, 2007; for review, Bonato et al., 2012) , speakers of languages that are written from right-to-left (RL) often construe time in an RL line (e.g., Ouellet et al. 2010; Tversky, Kugelmass, & Winter, 1991) . Vertical associations between time and space have been found in speakers of Mandarin Chinese, which can be written top-to-bottom (TB), and contains vertical linguistic time-space metaphors (e.g., next month is the "up" month; see Boroditsky, 2011) . Variability in the direction of the adult MTL can also reflect differences in spatial frames of reference (e.g., Boroditsky & Gaby, 2010; Nunez & Sweetser, 2006) . Cross-cultural differences in the direction of the MTL are also present not only in adults, but also in school-aged children:
English-speakers kindergarteners organize time-denoting stickers from LR (Tillman et al., 2018; Tversky, Kugelmass, & Winter, 1991) , while Arabic-speaking children, who read and write from RL also represent time in that direction (Tversky, Kugelmass, & Winter, 1991) .
However, cross-cultural differences in the direction of adults' and schoolchildren's MTL cannot on their own rule out the possibility that humans begin life with the same directional biases.
Even if infants had a tendency toward representing time as an LR line, this tendency might be later overridden by environmental factors such as experience reading RL text (Maass & Russo, 2003) .
To explore this question, in the present study, we examine space-time mappings in preschoolers who do not yet read and write fluently, in addition to older children and adults. In particular, we asked whether a preference for representations of temporal events arranged in an LR line arises only in older children (5-year-olds), as predicted by accounts on which literacy is a driving force, or if instead such a preference is present even in preschoolers (3-and 4-year-olds), which would suggest that this mapping is, at minimum, intuitive and easily learned. Additionally, we tested whether English-speaking children demonstrate direction preferences within the vertical axis (e.g.,
for top-to-bottom arrangements), which would not be predicted by accounts in which the LR axis is uniquely privileged, but might nonetheless arise from experience with books and/or calendars.
Prior research on the development of the MTL in preschoolers is relatively limited, and results are mixed. Some previous findings suggest that LR mappings between time and space may already be present and intuitive to preschoolers. For example, when 4-year-olds are provided with a printed horizontal timeline to use, they represent the sequence of temporal events in a LR line more frequently and accurately than chance would predict (Tillman et al., 2017) . Similarly, if they are primed with a horizontal line beforehand, 4-year-olds are more likely to create LR representations of time than RL or TB representations (Tillman et al., 2018) . Furthermore, even without a horizontal template or prime, 3-to 4-year-olds place colored cards in LR lines to represent the order in which those colors are presented on a computer screen (Autry et al., 2019) .
Nevertheless, other findings indicate that even if preschoolers can associate sequential time with a line under some circumstances, those associations are more limited and weaker than those of school-aged children, and may not initially occur spontaneously when children think about temporal events. For instance, the ability to use an LR timeline develops gradually over the early elementary school years (e.g., Hudson & Mayhew, 2011; Tillman et al., 2017) , and children with stronger literacy skills are far more likely to organize color-denoting cards in sequence from LR (Autry et al., 2019) . Children under age 4 or 5 still struggle to order cards explicitly representing temporal events into coherent sequences (Bornens, 1990; Fivush & Mandler, 1985; Friedman 1990) , and, when asked to describe sequential images, provide descriptions that lack many narrative characteristics of adults' (Berman, 1998; Bornens, 1990; Karminoff-Smith, 1985; Paris & Paris, 2003; Poulson et al., 1979; Shapiro & Hudson, 1991; Trabasso & Nickels, 1992; Trabasso & Stein, 1994) . Unlike school-aged children, preschoolers do not spontaneously produce images of events in which the agent, object, and recipient are arranged in a culturally-conventional direction (Dobel, Diesendrunk, & Bolte, 2007) . Finally, English-speaking preschoolers do not arrange event-denoting stickers in lines spontaneously, and, when they do so, they are no more likely to create LR than RL lines (Tillman et al., 2018) . Together, these studies suggest that the automatic deployment and the direction-specificity of the MTL develops gradually in early childhood and may rely on literacy and/or formal schooling to become fully engrained.
These prior studies have limitations that make it more difficult to draw firm conclusions about whether preschoolers have direction-specific mental representations of temporal events.
First of all, tasks in which a single type of spatial timeline or picture arrangement is provided for children to use cannot address whether they privilege some orientations or directions over others.
Secondly, tasks that require preschoolers to produce their own spatial representations of time (e.g., by arranging objects, cards, or stickers; Fivush & Mandler, 1985; Friedman, 1990; Tillman et al., 2018) , or to verbally describe sequential images (Berman, 1998; Bornens, 1990; Karmiloff-Smith, 1985; Paris & Paris, 2003; Poulson et al., 1979; Shapiro & Hudson, 1991; Trabasso & Nickels, 1992; Trabasso & Stein, 1994) place demands on language, memory, world knowledge of events, and/or fine motor skills, and any of these requirements could have taxed preschoolers and prevented researchers from detecting directional space-time associations (see Autry et al., 2019 for discussion). Third, while LR biases have been observed in tasks where stimuli are presented over time but do not represent temporal words or events that are not ongoing, this could reflect an early tendency to arrange objects or numbers in lines, rather than the presence of an LR model of time itself (i.e., an MTL; see Autry et al. 2019 ).
To address these limitations, in the present study we used a comprehension task with minimal response demands to test whether children prefer some spatial representations of temporal events to others. In our task, preschoolers and adult controls were told brief stories describing three-step event sequences, given a choice between two spatial depictions of each story, and asked which of the two was "better." In Experiment 1, to test whether children have directional preferences, and whether they privileged LR in particular, they chose between LR, RL, TB, and bottom-to-top (BT) representations of events. In Experiment 2, to test whether children were sensitive to whether the order of the images matched that of the events they depicted, they chose between ordered and unordered sequences. In Experiment 3, we replicated Experiments 1 and 2 using a modified procedure including additional scaffolding to aid children's comprehension of the task. Finally, we conducted a parent survey to explore the relationship between children's early literacy skills and more adult-like performance on the space-time task.
Experiment 1 2.1 Methods

Participants.
A total of 271 participants were included in Experiment 1, including 62 3year-olds (Mage = 3;6, range 3;0 -4;0), 63 4-year-olds (Mage = 4;6, range 4;0 -5;0), 61 5-year-olds (Mage = 5;5, range 5;0 -6;0), and 85 adult controls (at least 18 years of age). Children were recruited from museums and daycares in the San Diego, CA, area. Adults were workers on Amazon Mechanical Turk living in the United States. All participants spoke English as their primary language, and none spoke a secondary language with non-LR orthography. Adults and parents of children provided informed consent to participate. Children were awarded a small prize, and adults were compensated $1 for a task that took approximately 5 minutes to complete.
Participants were pseudo-randomly assigned to one of 3 conditions. Participants in the An additional 23 children were tested but excluded from all analyses because they were outside the target age range (n = 11), English was not their primary language (n = 2), they spoke a second language with a non-LR orthography (n = 4), they failed to complete the task (n = 2), clerical error (n = 3), or developmental delay (n = 1). Five adults were excluded from analysis due to speaking a language with non-LR orthography (n = 2) and lack of attention to the task, as indexed by failing a "catch" trial (n = 3).
2.1.2 Procedure for children. The experimenter introduced the task, saying, "We're going to play a picture game together. Every time we play, I'm going to tell you a story, and you're going to pick the card that matches the story. Each card shows 3 pictures of things that happened in the story, and you're going to pick the one that has them all in the right order, just how they happened in the story." Next, on each of 8 trials, the experimenter recited a brief story, each involving 3 steps (see Table 1 ). The experimenter then simultaneously placed two cards on the table, and asked, "Which card shows that story? Which one is better? Is it this one [point at card] or this one [point at card]?" After the child pointed to their choice, the cards were removed, and the next trial began.
Participants in the Horizontal condition always chose between one card with three pictures depicting the story in order from left-to-right (LR; see Fig 1A) and another with the same three pictures ordered from right-to-left (RL; Fig. 1B ). Participants in the Vertical condition chose between cards with images arranged from top-to-bottom (TB; Fig. 1C ) vs. bottom-to-top (BT; Fig. 1D ). Participants in the Mixed condition chose between cards with images arranged from LR vs. TB ( Fig. 1A vs. 1C). The two cards were placed side-by-side in the Vertical and Mixed conditions, but were positioned one above the other in the Horizontal condition. 2 The positioning of the two cards, including which position the more conventionally-ordered choice was located in, was counterbalanced across subjects and items, in two Trial Orders, one of which was the reverse of the other. Every child heard the Egg story first. Half the children heard the remaining stories in the order listed in Table 1 , and half heard them in the reverse order.
Procedure for adults. Adults completed a computerized version of the task, created using
Qualtrics and posted as a HIT on Amazon Mechanical Turk. On each trial, the participant read the story, then clicked an arrow to advance to the next screen, which showed the two "cards" (squares outlined in black) and the test question ("Which card shows that story? Which one is better?"), arranged in the same positions as they were for children. The participant clicked a radio button below the card they thought was better, and then clicked an arrow to advance to the next trial. The two Trial Orders were the same as those used in the children's procedure, except that two additional "catch trials" were included, after test trials 3 and 6. In these cases, one of the two options contained a non-chronological sequence, e.g., the Watermelon story arranged from LR (Table 1) vs. an unordered horizontal sequence which showed (from LR) sliced watermelon, eaten watermelon slices, and then an intact watermelon. Adults who failed either of these trials (n = 3)
were excluded due to suspected inattention to the task. After finishing the task, participants answered a series of questions about their language exposure, and those who were exposed to languages with a non-LR orthography (n = 2) were excluded.
Parent survey.
A subset of parents of 4-year-olds in Experiment 1 (n = 16) completed a survey about their child's emergent literacy skills and an adaptation of the Children's Title Checklist, a previously-used measure of print exposure in children (Senechal et al., 1996 (Senechal et al., , 1998 .
Survey data were also collected in Experiments 2 and 3. Further description of the survey its results are described in the section on Experiment 3.
Results
Direction preferences in adults.
To assess direction preferences in adults, we calculated the percentage of trials, out of 8, on which each participant chose the card with each direction. We found robust direction preferences in all three conditions. The median percentage of trials on which LR cards were chosen was 100%, 95% CI [100%-100%], in the Horizontal condition (LR vs. RL) and 87.5% [75%-100%] in the Mixed condition (LR vs. TB). In the Vertical condition (TB vs. BT), the median percentage of trials on which the TB card was chosen was 100% [100%-100%]. In all subsequent analyses, we considered these adult-preferred directions to be the "conventional" choices, and the contrasting directions to be "unconventional" choices. The distribution of conventional choices across all adult participants is shown in Fig. 2 , top row, with medians indicated by vertical lines.
Direction preferences in children.
To test whether children preferred conventional spatial representations of events, we conducted a mixed-effects logistic regression, which modeled the likelihood of choosing the conventional direction as a function of the child's age (as a continuous, scaled variable), and condition (Horizontal, Vertical, or Mixed) . In this model, and all subsequent models discussed in Exp. 1-3, we also included an interaction term and a random intercept for subjects. We found that age was a significant predictor which improved the fit of the model (β = 0.31, p = 0.02; 2 (1) = 8.3, p = 0.004), when compared to a reduced model that did not include this predictor. However, there were no significant effects of condition, and this factor did not improve the model ( 2 (2) = 1.8, p = 0.41), suggesting that an LR preference emerged in tandem with a TB preference.
While these analyses indicate that children's preferences for conventional representations of events increased with age, they don't establish when such preferences first emerge.
To explore this, we examined each age group separately. Overall, neither 3-year-olds' nor 4-yearolds' performance differed from chance: the median percentage of trials on which children from both groups chose the conventional direction was 50% [50% -50%], one-sample sign tests, both s's < 16, p's > 0.6. However, the median percentage of trials on which 5-year-olds chose conventional directions was 62% [50%-75%], greater than chance guessing would predict, onesample sign test, s = 32, p = 0.02. This suggests that directional preferences do not emerge until after age 5.
Our planned analyses revealed no significant effects of condition in Experiment 1. Upon visual inspection of the data from each age group (Figure 2) , however, we noted that the distributions of responses in some conditions appeared to be bimodal 3 . In the case of 3-and 4year-olds, this suggests that while most children did not show preferences (i.e., their responses were clustered around 50%), smaller groups did so. This heterogeneity raises questions about why direction preferences develop earlier in some preschoolers than in others, which we examine further in Experiment 3. These exploratory analyses of small sub-samples are not the primary result from Experiment 1, however, and the general lack of direction preferences in children under 5, across conditions, is discussed further below.
Discussion
The results of Experiment 1 indicate that children begin to express conventional direction preferences along both the horizontal and vertical axes at around 5 years of age. One possible explanation for why such a preference wasn't detected earlier is that, for younger children, all sequences of images were equally good visual representations of the events, since in all cases the events were well ordered in a sequence, despite violating conventional adult-prefered directionality. Another explanation, however, is that younger children either were not attending to, or did not comprehend, the sequential nature of the image triplets on the stimulus cards. To test this, in Experiment 2 we asked children to either choose between ordered (LR or TB) sequences of images or between unordered, "scrambled" sequences that did not correspond to the order in which of these events unfold in the real world (e.g., an unordered sequence which showed, from LR or TB, a Caterpillar, a Butterfly, and then a Cocoon; see also Figure 1E and 1F). If children do not comprehend the sequential nature of the image triplets, we expected them to also choose randomly between ordered and unordered representations of events.
Experiment 2
3.1 Methods.
Participants.
There were 126 participants in Experiment 2, including 40 3-year-olds (Mage Children were recruited from museums and daycares in the San Diego, CA (n = 79) and Comox Valley, BC (n = 47) areas. An additional 15 children were tested but excluded due to being outside the target age range (n = 4), not speaking English as their primary language (n = 6), speaking a second language with a non-LR orthography (n = 3), experimenter error (n = 1), or clerical error (n = 1).
Materials and procedures
were identical to those used in the Horizontal and Vertical conditions of Experiment 1, except that each RL card was replaced with a Scrambled Horizontal card (Fig. 1E ), and each BT card was replaced with a Scrambled Vertical card (Fig. 1F) . Thus in the Horizontal Scrambled condition children compared a LR card to an unordered sequence that was oriented horizontally, and in the Vertical Scrambled condition children compared a TB card to an unordered sequence that was oriented vertically.
Results
To examine children's preferences for ordered vs. unordered representations of events, we conducted a mixed-effects logistic regression modeling the likelihood of choosing the ordered image as a function of the child's age (as a continuous, scaled variable) and condition (Horizontal Scrambled or Vertical Scrambled). We found that age was a significant predictor improving the fit of the model (β = 0.36, p = 0.003; 2 (1) = 26.3, p < 0.001). However, as in Experiment 1, condition did not improve model fit (β = -0.17, p = 0.3; 2 (1) = 1.2, p = 0.3). Again, older children were more likely to choose ordered sequences than were younger children, but we found no evidence that children were better able to do so when the ordered option was LR than when it was TB. Examining individual age groups, we found that 5-year-olds were much more likely to choose ordered images than chance would predict, median = 75% [62%-88%], one-sample sign test, s = 29, p < 0.001. In contrast, the median percentage of ordered image selections was 50% in both the 3-and 4-year-old groups (95% CI for 3-year-olds, [50%-62%]; for 4-year-olds [50%-75%]), which was no different from chance, one-sample sign tests, both s < 16, both p > 0.3.
We hypothesized that, if children were insensitive to the relative ordering of images on the cards, or simply didn't understand the task in either experiment, they should also be no more likely to choose a conventionally-ordered representation (either LR or TB) when the alternative is an unordered sequence as when the alternative is an ordered sequence with a different directionality.To test this more directly, we asked whether children were more likely to reject the unordered sequences in Experiment 2 than the unconventional sequences in Experiment 1. To do so, we constructed a mixed-effects model with age (continuous and scaled) and experiment (Experiment 1 vs. 2) as predictors. We found effects of both age (β = 0.22, p = 0.003; 2 (1) = 28.1, p < 0.001) and Experiment (β = 0.36, p = 0.003; 2 (1) = 8.4, p = 0.004), as well as a significant interaction (β = 0.27, p = 0.03; 2 (1) = 4.9, p = 0.03). Thus, although median performance in the 3-and 4-year-old groups did not exceed 50%, children were nevertheless more likely to choose a conventional direction over an unordered sequence than over an unconventional sequence, and this effect strengthened with age.
We also noted that, as in Experiment 1, though the effect of condition was insignificant and group-wise performance in the 3-and 4-year-olds was poor, visual inspection of each distribution (see Fig. 2 , second column) suggested that while one subgroup of children was responding at random, another was not 4 . Specifically, we observed that 4 3-year-olds and 17 4year-olds chose ordered cards on at least 6 of 8 trials.
Discussion
The results of Experiment 2 indicate that most children begin showing sensitivity to the relative ordering of images representing temporal events around age 5. The median proportions of 3-and 4-year-olds preferring conventional (Exp. 1) and ordered (Exp. 2) cards were both 50%, consistent with the possibility that many children may have been randomly guessing in both tasks.
However, children were nevertheless more likely to choose conventional directions when the alternative was an unordered sequence (in Exp. 2) than when it was unconventionally ordered one (Exp. 1).
Relative to prior tasks used to assess spatial representations of events in children, which typically have required the use of complex timelines and/or the creation of visual representations of time by the child (e.g., Busby Grant & Suddendorf, 2009; Friedman, 2000 Friedman, , 2002 Friedman & Kemp, 1998; Hudson & Mayhew, 2011; Tillman, Marghetis, Barner, & Srinivasan, 2017; Tversky, Kugelmass, Winter, 1991) , the two-alternative forced choice task used in Experiments 1 and 2 imposed low response demands. However, as we will discuss further in the General Discussion, this method posed other challenges that could have also lead to underestimation of their competency. In particular, it is possible that some 3-and 4-year-olds had difficulty remembering the story, interpreting the individual pictures, and/or connecting the pictures to the steps in the stories they had heard (see Cohn et al., 2019 for discussion), irrespective of any preferences about how all three events should be visually arranged. If so, these difficulties could have prevented us from detecting the presence of direction or orientation biases.
To explore this possibility, in Experiment 3 we sought to further reduce task difficulty by providing additional scaffolding to children. These changes were intended to make the connection between the three parts of the story and the three images more explicit, and to help ensure that children had heard and understood the stories. Unlike in the previous experiments, in which children listened to the experimenter recite the story without any visual aids, in Experiment 3, children also saw the same three images during the story-telling phase (see Table 2 ). Furthermore, children were asked to repeat back each story to the experimenter (in their own words) prior to the test phase, to ensure that they had heard and encoded it.
Experiment 3
4.1 Methods.
Participants.
Given the relative success of 5-year-olds in Experiments 1 and 2, here we focused on 3- year-olds and 20 4-year-olds). Children were recruited from daycares and museums in the San Diego, CA (n = 146) and Comox Valley, BC (n = 77) areas. An additional 12 children were excluded from analysis because they were outside the target age range (n = 1), English was not their primary language (n = 2), they failed to complete the task (n = 2), or had completed a prior version of the experiment (n = 7).
Procedures and materials.
As shown in Table 2 , procedures in Experiment 3 were similar to those of Experiments 1 and 2, except that whereas in Experiments 1 and 2 children were told stories before the picture sequences were presented, in Experiment 3 children viewed images on a computer screen during the story-telling phase of each trial. At the start of the session, the experimenter said, "Every time we play, I'm going to show you a story on the computer, and you're going to pick the card that matches the story." On each trial, while reading the three steps of the story, the experimenter presented the image corresponding to each step. The pictures were shown sequentially in the center of the screen. For example, while hearing, "First, there was an egg" the child was presented with the picture of the whole egg (see Table 2 ). Then, while saying "Then, the egg cracked," the experimenter advanced the slide to show the cracked egg (replacing the previous image in the same location). She advanced to slide again to show the hatching egg while reciting the final "...and a baby chick came out!"
The five conditions were the same as those used in Experiment 1 (Horizontal: LR vs RL, Vertical: TB vs BT, Mixed: LR vs TB) and Experiment 2 (Horizontal Scrambled: LR vs unordered, Vertical Scrambled: TB vs. unordered), combined.
Next, also unlike in Experiments 1 and 2, the experimenter asked the child to repeat back the story they had just heard, to help ensure that children had processed the story. The experimenter asked, "Now, can you tell me what happened in that story?," and prompted the child with "and then what happened?" if necessary. Children were not shown the images again during this story-repetition phase. Children repeated the whole story back accurately on 77% of trials, including 63% of trials for 3-year-olds and 90% of trials for 4-year-olds. If the child did not accurately repeat all steps, the experimenter re-iterated them. Unsurprisingly, the number of trials on which children repeated back the story on the first try was correlated with their age (r = 0.5, p < 0.001), therefore to avoid penalizing younger children for shyness, those who did not repeat back the story on every trial were not excluded, nor were trials in which children did not repeat the story without assistance.
While the increase in accurate story repetition in 4-year-olds relative to 3-year-olds may also reflect the development of working memory, when this factor was included in a logistic regression model along with age and condition, accurately repeating the story did not increase the likelihood of a child choosing the ordered/conventional card in the card selection task (β = 0.1, p = 0.15; χ 2 (1) = 2.1, p = 0.15).
The test phase was identical to Experiments 1 and 2. Two cards were placed on the table and the child was asked to select the one that best showed the story.
Parent survey.
Some of the participating children's parents (n = 79) also completed a survey on their children's emergent literacy and print exposure, also used in the prior experiments. Parents indicated whether their child attended preschool, and answered 8 yes-or-no questions about their child's emergent reading and writing skills. Questions included whether their child was able to identify or write some letters, identify or write all letters, read or write their own name, and read or write at least 5 other words. Each child was given a writing score of 0-4 and a reading score of 0-4, based on their parent's responses. Secondly, to assess children's print exposure in the home, the parent completed an adaptation of the Children's Title Checklist (CTC; Sénéchal et al, 1996) .
The CTC is a list containing 40 popular children's book titles (e.g., Where the Wild Things Are) and 20 foils which were not real titles (e.g., Three Cheers for Gloria). Parents were instructed to check each title they were familiar with (whether or not they had read the book) by checking a box next to the title. Each child was later assigned a print exposure score equivalent to their parent's number of hits minus false alarms.
Results
By comparing the previous experiments, we found that children were more likely to choose conventionally ordered images over unordered images (in Experiment 2) than over unconventionally ordered images (in Experiment 1). As Experiment 3 included both ordered (Horizontal, Vertical, and Mixed) and unordered (Horizontal Scrambled and Vertical Scrambled) conditions, we repeated this previous analysis. We modeled the likelihood of choosing the conventional image as a function of age (as a continuous, scaled variable) and comparison type (unordered vs. ordered). We found that age significantly improved the model (β = 0.47, p < 0.001; 2(1) = 10.3, p = 0.001), as did comparison type (β = -0.75, p < 0.001; 2 (1) = 25.8, p < 0.001), and there was a significant interaction between these factors (β = -0.40, p = 0.005; 2 (1) = 7.8, p = 0.005). Replicating our comparison of the previous experiments, children were more likely to choose conventionally ordered cards over unordered cards than over unconventionally ordered ones, and this effect increased with age. We next analyzed the data from the ordered and scrambled conditions separately.
Scrambled conditions (ordered vs. unordered sequences)
Data from the two "scrambled" conditions were analyzed in the same fashion as data from Experiment 2. A mixed-effects logistic regression modeled the likelihood of choosing the ordered image as a function of age (as a continuous, scaled variable) and condition (Horizontal Scrambled or Vertical Scrambled). Age significantly improved the fit of the model (β = 0.26, p = 0.1; 2 (1) = 15.8, p < 0.001), and this effect was modulated by an interaction with condition (β = 0.51, p = 0.04; 2 (1) = 4.4, p = 0.04). Older children were more likely to choose ordered images, and, unexpectedly, this effect was more pronounced in the Scrambled Vertical condition (TB vs. Scrambled) than in the Scrambled Horizontal condition (LR vs. Scrambled).
Examining individual age groups, we found that the median percentage of trials in which 3-year-olds chose the ordered card was 62% [50%-62%] in the horizontal scrambled condition, which is significantly greater than chance (one-sample sign-test, s = 12, p = 0.003), and 50% [38%-61%] in the Scrambled Vertical condition, which is not (s = 3, p = 0.5). The median percentage of trials in which 4-year-olds chose the ordered card was also 62% [52%-99%] in the Horizontal Scrambled condition, but 94% [64%-100%] in the Scrambled Vertical condition (both s's > 13, p's < 0.001). As shown in Fig. 2 (third column) , distributions of responses for both age groups in the Horizontal Scrambled (but not the Vertical Scrambled) condition appeared multimodal, 5
suggesting that while some children demonstrated strong preferences for LR sequences over scrambled ones, others were likely responding randomly.
Direction preferences conditions. Data from the three direction-preferences conditions
were analyzed like data from Experiment 1. A mixed-effects logistic regression modeled the likelihood of choosing the conventional direction as a function of age (continuous and scaled) and condition (Horizontal, Vertical, or Mixed) . Only the interaction between factors was significant (β = 0.5, p = 0.04; 2(2) = 6.3, p = 0.04). Replicating our results in Experiment 1, the median percentages of conventional choices made by 3-year-olds in all conditions were 50%, 95% CIs, respectively [38%-50%]; [43%-62%]; [27%-50%], consistent with chance responding, one-sample sign tests, horizontal, s = 5, p = 0.77; vertical, s = 7, p = 1; mixed, s = 3, p = 0.15. The median percentage of conventional choices made by 4-year-olds in the vertical condition was 44% [27%-50%], and, in both other conditions, 50%, [39%-73%] horizontal, [38%-70%] vertical. Again, none were significantly different from chance (horizontal, s = 8, p = 0.79; vertical, s = 5, p = 0.3; mixed s = 10, p = 1). Thus, although the methodological changes in Experiment 3 helped children to differentiate ordered from scrambled sequences, relative to Experiments 1 and 2, it did not affect their ambivalence regarding the directionality of ordered sequences. This pattern suggests that our previous failures to find directional preferences were not simply due to failures to comprehend the task, and is more consistent with the possibility that such preferences may emerge robustly only after the age of 5.
Effects of literacy and print exposure
Prior studies suggest that direction-specific mappings between time and space in adults are a result of reading and writing experience (e.g., Bergen & Chan Lau, 2012) . To test this hypothesis, we analyzed our data in light of parents' (n = 98) responses to our survey regarding their children's early literacy skills, and their own familiarity with children's literature (a measure of children's print exposure; Senechal et al., 1996) . Because surveys were only available from a subset of parents, resulting in limited data, 6 we collapsed across all conditions and experiments for which we had any parent-report data, and asked whether there was a relationship between children's reading skills, writing skills, school attendance, and/or print exposure and their likelihood of preferring ordered, conventional visual representations of events. When all of these factors were included in a linear regression, along with condition type (scrambled vs. ordered), only condition type (β = 0.17, p = 0.002) and writing scores (β = 0.06, p = 0.04) were significant predictors of children's performance on the task (model F(5, 89) = 3.5, adjusted R 2 = 0.12, p = 0.006). As expected, however, several literacy factors were correlated with one another, including reading and writing skills (Pearson's r = 0.63, p < 0.01), and preschool attendance and both writing skills (r = 0.27, p = 0.01) and reading skills (r = 0.28, p = 0.01). Moreover, both writing skills (r = 0.57, p = 0.01) and reading skills (r = 0.44, p < 0.01) were correlated with age. Subsequently, when both age and writing scores were included in the model (along with condition type), neither factor accounted for a significant proportion of the variance in performance on the picture selection task (for age, β = 0.08, t = 1.5, p = 0.13; for writing score, β = 0.04, t = 1.6, p = 0.10). When examining the individual correlations between literacy factors and performance on the picture-selection task, we found a weak but significant correlation between children's reported writing skills and their performance on the task (r = 0.26, p = 0.01), a marginal correlation between reading scores and task performance (r = 0.18, p = 0.07), and no correlation with print-exposure scores (r = -0.06, p = 0.6). While additional research is needed, especially given the limited data and statistical power available here, these preliminary results are consistent with the hypothesis that age effects on the picture-selection task may be driven by children's developing literacy skills, particularly writing skills.
Discussion
With additional scaffolding to support children's comprehension of the task, we detected preferences for ordered horizontal sequences in both 3-and 4-year-olds, and an especially strong preference for ordered vertical sequences in 4-year-olds. While these methodological changes lead to improvements in preschoolers' performance in the "scrambled" conditions (relative to Exp. 2), we also replicated our findings from Experiment 1. That is, unlike most 5-year-olds and nearly all adults (Exp. 1), most younger children did not demonstrate preferences for LR over either RL or TB representations of events, nor for TB over BT representations. Because this was true despite their demonstrated sensitivity to the ordering of images in the scrambled conditions, particularly in 4-year-olds, the overall pattern of results is consistent with the hypothesis that most Englishspeakers do not develop direction preferences for spatial representations of temporal events until later, around the age of 5.
General Discussion
We explored the development of mental associations between time and space, by asking whether preschoolers prefer spatial representations of temporal events that have a conventional linear structure over those that do not. As in previous studies, we found that English-speaking adults strongly preferred spatial representations of events that were sequentially ordered across the horizontal axis from left-to-right (LR), consistent with their reading and writing direction. We also found that most 5-year-old children prefered depictions of events ordered from LR to those ordered right-to-left (RL). However, directional preferences were not unique to the LR direction: both adults and 5-year-olds also prefered top-to-bottom (TB) representations of events to bottom-to-top (BT) ones. We found that children under age 5 required more scaffolding to ensure that they comprehended the task, but when this was given, even 3-and 4-year-olds demonstrated preferences for sequential images to images that were out-of-order with respect to the narrative.
Nonetheless, unlike adults and older children, 3-and 4-year-olds did not display conventional directional preferences when choosing between two ordered sequences. These findings suggest that specific directional associations between temporal narratives and spatial positions are not acquired by most children until around the age of 5, and that they develop in tandem along the horizontal and vertical spatial axes. Together with correlations between children's preferences and their parent-reported writing skills, these data suggest that directional preferences for spatial representations of temporal events are a result of exposure to cultural practices, rather than an innate predisposition toward associating temporal sequences with the LR axis.
The present study adds to the body of evidence that cross-cultural differences in the direction of linear mappings between time and space are present in adults (e.g., Bergen & Lau, 2012; Fuhrman & Boroditsky, 2010; Ouellet, Santiago, Israeli, & Gabay, 2015; Nachson, 1983) and that they gradually emerge in childhood (Autry et al., 2019; Dobel, Diesendruck, & Bolte, 2007; Tillman, Tulagan, & Barner, 2015; Tversky, Kugelmass, & Winter, 1991) . Specifically, we found that LR biases appeared around the age when US and Canadian children begin their formal education in kindergarten. This finding is consistent with past work showing that kindergarteners already have automatic, culture-specific biases in the way they represent temporal events over space (Tversky, Kugelmass, & Winter, 1991) , but that the majority of preschoolers do not (Tillman, Tulagan, & Barner, 2015 , but see Autry et al., 2019 .
Our findings are not easily explained by accounts in which LR biases in the MTL are a product of a general, perhaps innate, tendency to represent abstract domains, such as number and time, in an LR direction (Chatterjee, 2001; Chatterjee, Southwood, & Basilico, 1999; Dehaene et al., 1993; Vicaro et al., 2007) . If this were the case, we would expect to see such biases even in 3year-olds, and that those earliest direction preferences would be specific to the LR direction.
However, we found no evidence that preferences for LR over RL or TB were stronger or earlierdeveloping than those for TB over BT, which involve only the vertical axis. The finding that directional preferences emerged in tandem along both axes is more consistent with the possibility that associations between events and spatial directions may be guided by the dual LR and TB structure of English text or cultural artifacts such as calendars. Interestingly, however, we did observe that 3-year-olds, our youngest age group, preferred LR to unordered horizontal sequences but not TB to unordered vertical sequences, which may suggest that attention to the ordinal structure of horizontal sequences arises earlier in the development. Nevertheless, by the time children were 4, they were even more proficient at detecting mismatches in temporal and spatial order along the vertical axis as compared to the horizontal axis.
In comparison to many previous studies of children's spatial representations of temporal events, the current task was designed to provide children with more scaffolding for the formation of space-time mappings, while also minimizing response demands. Specifically, it did not require children to use a complex timeline (Busby Grant & Suddendorf, 2009; Friedman, 2000 Friedman, , 2002 Friedman & Kemp, 1998; Hudson & Mayhew, 2011; Tillman, Marghetis, Barner, & Srinivasan, 2017) ; to produce symbolic, spatial representations of time (Tillman et al., 2018; Tversky, Kugelmass, & Winter, 1991) , or to interpret sequential images and create their own narratives to describe them (e.g., e.g., Berman, 1998; Poulson et al., 1979; Trabasso & Nichels, 1992; Trabasso & Stein, 1994; . Instead, this task provided the child with the temporally organized narrative (a verbal story), the spatial stimuli (sequences of images organized in lines), and, in the case of Experiment 3, a demonstration of which part of the event each image was meant to represent (simultaneous presentation of each image with the relevant part of the story, prior to test). Moreover, the child needed only to point to a card to make their response.
However, despite using this comprehension task with lower response demands, we did not uncover earlier direction preferences in preschoolers than prior production tasks. In some respects, we even found the opposite result. For example, in the previously-used sticker-placement task -in which children placed stickers on a blank page to represent the relative ordering of temporal items such as breakfast, lunch, and dinner -4-year-olds were more likely to create LR than RL lines if they were primed to use the horizontal axis beforehand (Tillman et al., 2018) . In the present study, however, when they were provided with a choice between, e.g., an LR and RL sequence, neither 3-nor 4-year-olds demonstrated a preference. One possible explanation for this difference is that, even though the card selection task avoided many challenges associated with prior tasks, it nonetheless introduced different challenges that were not eliminated in Experiment 3, and which could have masked emergent LR preferences. For example, unlike those in the sticker-placement task, children in the present study were required to make a comparison between two spatial representations at the test phase, which could have introduced interference between them. Importantly, however, even though preschoolers did not demonstrate direction preferences when both arrangements formed a logical sequence with respect to the story, they were able to differentiate ordered from unordered sequences in Exp. 3. These "scrambled" conditions were identical to the well-ordered ones, apart from a difference in image-ordering on one of the two cards. Task requirements that were present in all conditions and experiments cannot explain the critical differences we found in children's performance when only one of the cards showed a wellordered sequence and cases where both did. Because of this, we are hesitant to interpret their ambivalence regarding specific directions as evidence that, e.g., they were not attending to differences between image triplets at all, or had made no attempt to connect the ordering of the events in the story to the ordering of the pictures, or otherwise simply did not comprehend the stimuli. Instead, it is possible that many children were capable of processing both, e.g., LR and RL sequences, but, unlike adults, did not consider the LR representations to be "better," and were more variable and flexible in their associations between temporal sequence and spatial order (Tillman et al., 2018) .
Understanding the development of children's ability to comprehend temporal and causal narratives presented via sequential images is important, given the widespread use of stimuli in cognitive testing, including IQ tests and tests of theory of mind (Cohn, 2019) . Although it has previously been assumed that sequential images are readily comprehended by all young children and diverse cultural groups, the present work contributes to a growing literature characterizing conventions in visual narratives as both culture-specific and gradually learned (see Cohn, 2019, for review). In particular, we found that young children's comprehension of sequential images improved when the images were shown individually in one-to-one correspondence with their verbal description, and when children repeated back the story prior to choosing a spatial representation. Further research would benefit from varying such factors (and others) independently, to yield a more precise understanding of how to bootstrap children's comprehension of sequential images. Moreover, our findings indicate that if English-speaking children produce ordered but non-LR event sequences during any type of cognitive testing, this does not necessarily indicate that they are unable to mentally order events.
In contrast to the present results, one recent study argues that English-speaking preschoolers have an emergent LR MTL at age 3, 2 years earlier than our findings suggest.
Specifically, Autry and colleagues (2019) gave preschoolers three colored cards, asked them place the cards on a table one at a time as the colors appeared sequentially on a computer screen, and found that they produced LR arrangements more often than chance would predict. The Color Card task made no reference to abstract temporal words or to events that were not directly experienced by the child during the task, leading the authors to argue that insufficient familiarity with these stimuli had taxed younger children in previous studies. However, as discussed above, we believe the present findings cannot be explained simply by incomprehension of the stimuli. Another possibility, with more interesting theoretical implications, is that these tasks require different types of temporal cognition, and one of them develops earlier and/or is 'spatialized' earlier than the other 7 .
A recent theory of the development of temporal cognition makes a distinction between temporal updating, which is an evolutionarily-ancient ability to keep track of perceptual changes as those changes unfold over time, and temporal reasoning, which requires the ability to think flexibly about the relative ordering of events even if they are not ongoing, or if there is a mismatch between the order in which information about events is received and the order in which they actually occur (Hoerl & McCormack, 2019) . The requirements of the tasks assessing the MTL we have discussed mirror this distinction. Specifically, the Color Card task required children to spatially represent an ongoing perceptual experience (a sequence of colors) as it occurs, while the card selection task requires them to represent a sequence of events that is not ongoing, and the sticker placement task also required them to consider temporal items in an order that didn't match their actual ordering over time 8 . A large review of developmental studies indicated that, unlike the updating system, which is present even in infants, the temporal reasoning system does not emerge until children are 4 to 5 years of age (Hoerl & McCormack, 2019) . Given the similar developmental trajectories involved, it is possible that the differing results on the color card and card selection tasks reflect a transition from temporal updating to temporal reasoning. Moreover, this parallel raises the intriguing possibility that development of the MTL might actually support such a transition.
Although different studies have come to different conclusions about the precise onset of the MTL in childhood, they provide convergent evidence that the MTL develops significantly across the preschool and early school years. Across studies, kindergarteners are far more likely to that were excluded, which was much larger in the study by Autry and colleagues (2019) than in the present study. 8 In the sticker-placement task, children were asked to place stickers representing 'dinner' and 'breakfast,' in a counterbalanced order, relative to the intermediate temporal position of 'lunch' (Tversky, Kugelmass, & Winter, 1991; Tillman et al., 2018) . produce or to prefer culturally conventional directions than preschoolers (Autry et al., 2019; Tillman et al., 2018) , and preschoolers' performance is more variable. Each study also indicates that the MTL does not emerge at the same point in development in every child, or become conventionalized at the same rate, raising an important practical question: Why might some, but not all, children develop directional space-time mappings prior to beginning their formal education, as several bimodal distributions across our experiments suggest? Relevant to this question, preliminary findings from our parent survey are consistent with the possibility that precocious development of the MTL may be linked to earlier writing skills. While these data should be interpreted with caution due to limited data, they suggest that actively writing-from LR across each line and TB down the page-may trigger the conventionalization of the MTL.
Moreover, Autry and colleagues (2019) found a correlation between children's comprehension of print and their likelihood of producing LR representations of time on their color card task. Though additional research regarding which specific literacy-related factors most influence MTL development is necessary, all of these findings (along with many adult studies) support the hypothesis that literacy is a driving force in the construction of directional mental mappings between temporal sequences and spatial positions.
To summarize, we have presented data from 3 experiments demonstrating a protracted developmental trajectory in children's acquisition of adult-like preferences for visual representations of events. Beginning at age 3, children were able to associate progress in time with relative order in space, but only with substantial scaffolding, in which images were initially unveiled only as the relevant elements of an accompanying story were told. Further, we found that conventional direction preferences do not emerge in most children until the age of 5, when there is typically a substantial increase in exposure to spatial artifacts for time and instruction in reading.
Finally, even at that age, children's preferences for culturally conventional spatial representations of time remained far weaker than those of adults, and were not limited to the LR direction.
